Background: Interleukin 6 (IL-6) is a multifunctional cytokine with effects on central and peripheral neurons.
the crush injury demonstrated decreased function on day 10 compared with the wild-type mice (PϽ.01) but completely recovered by day 40 (P =.55). Both IL-6 knockout and wild-type mice that underwent nerve transection without repair failed to recover function (P=.06 on day 50). There was no statistical difference in recovery between wild-type and IL-6 knockout mice that underwent nerve transection with epineurial suture repair (P=.30 on day 50). The morphometric data showed no significant differences in distal axon count between the wild-type and knockout mice after suture repair or crush injury (PϾ.32).
Conclusions:
The absence of IL-6 does not appear to impair peripheral nerve recovery after sciatic nerve injury. Although in vitro and in vivo studies suggest a role for IL-6 in peripheral nerve physiology, this cytokine does not appear to have a substantial effect on functional recovery in a mouse sciatic nerve injury and repair model. Surg. 2000; 126:1112 -1116 I NTERLEUKIN 6 (IL-6) is a cytokine and therefore shares features common to the cytokine family, including a diversity of functions and a variety of sources. Interleukin 6 is synthesized by monocytes and macrophages, 1 T cells, 2 fibroblasts, 3 endothelial cells, 4, 5 and astrocytes. 6 Of interest, IL-6 is structurally homologous to the neurocytokines ciliary neurotrophic factor and leukemia inhibitory factor and also shares a common signal transducer molecule, gp130. 7, 8 The studies of the physiological role of IL-6 in the central nervous system suggest a neurotrophic effect: IL-6 improves the survival of rat forebrain cholinergic neurons, rat midbrain cholinergic neurons, and rat spinal cord neurons in vitro. [9] [10] [11] The expression of IL-6 messenger RNA (mRNA) and IL-6 receptor mRNA has been documented in several areas of the rat central nervous system. 12 Less is known about IL-6 involvement in the peripheral nervous system. Bolin et al 13 first reported the presence of IL-6 in the peripheral nervous system by demonstrating its production by cultured Schwann cells. Whereas IL-6 mRNA expression has not been shown for intact nerves, it has been detected in degenerating mouse peripheral nerves, with rapidly degenerating nerves showing increased mRNA when compared with slower wallerian degeneration.
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14 Recently, a study in transgenic mice showed accelerated peripheral nerve regeneration in mice in which the expression of IL-6 and its receptors had been deliberately up-regulated. 15 These findings implicate IL-6 in the neural degeneration and regeneration process.
Genetic engineering in animals has provided transgenic mice in which specific genes are either up-regulated or deleted (so-called knockout mice). An IL-6 knockout mouse has been created, allowing for the evaluation of the phenotypic effects of delinquent IL-6. The development of a mouse sciatic functional index (SFI) offers a quantitative assessment of functional recovery after nerve injury in mice. 16, 17 The present study was therefore initiated to delineate the effect of IL-6 on peripheral nerve regeneration by comparing IL-6 knockout mice with wild-type mice in a functional assessment of nerve recovery. 
ORIGINAL ARTICLE

RESULTS
Seventy-nine of a total of 80 animals completed 50 days of walking track analysis. One IL-6 knockout mouse from the sham group died early in the study of unknown causes.
SHAM SURGERY
There were no statistically significant differences in the preoperative SFI values among the different groups (PϾ.34) (Figure 1 and Figure 2 ). As expected, there was no statistical difference between the wild-type and the knockout mice in the sham surgery at any of the time points (PϾ.12).
CRUSH SURGERY
The IL-6 knockout mice in the crush group demonstrated significant injury on postoperative day 10 as illustrated by the decline in mean SFI to −60 (P=.002) (Figure 1) . By postoperative day 20, the knockout mice in the crush group had recovered sciatic function equivalent to that of the sham group (P = .43). In contrast, the wild-type mice in the crush group failed to show a significant postoperative injury (average SFI, −16) when compared with the wild-type sham group (P =.60) (Figure 2) . Notably, the crush injury was delivered consistently, and the operator was blinded to the treatment group. When compared with the IL-6 knockout mice in the crush group, there were statistical differences at 3 time points: on postoperative day 10, when the knockout group expressed poor function after crush injury, and on postoperative days 20 and 30, when the knockout mice recovered function above that of the wild-type mice in the crush group (PϽ.04). By postoperative day 40, there were again no significant differences between the Il-6 knockout and wild-type mice in the crush group (Table) .
TRANSECTION WITHOUT REPAIR
Both the wild-type and IL-6 knockout mice in the transection without repair groups exhibited poor function throughout the study, with mean SFI values ranging from −83 to −99, with no statistical differences between the 2 groups (Figures 1 and 2 and Table) . Of note, 2 of 8 knockout mice and 1 wild-type mouse in the transection without repair group developed contractures of the paws between days 40 and 50.
MATERIALS AND METHODS
ANIMALS
Interleukin 6-deficient mice (donated by DNAX Corp, Palo Alto, Calif) were generated by standard homologous recombination techniques. The IL-6-deficient mutation was created in embryonic stem cells by means of a targeting plasmid vector. The mutant cells were injected into C57/BL6 blastocysts, which yielded chimeric progeny. Mating of the chimeric progeny resulted in homozygous IL-6-deficient mice identified by Southern blotting methods. The IL-6-deficient mice did not produce IL-6 detectable by enzymelinked immunosorbent assay, whereas the wild-type C57/ BL6 mice were found to produce approximately 1 ng of IL-6 protein per milliliter. 18 Forty C57/BL6 (wild-type) and 40 IL-6 knockout mice aged 8 to 16 weeks were randomly assigned to 1 of 4 experimental groups: sham surgery, sciatic nerve crush injury, sciatic nerve transection without repair, and sciatic nerve transection with epineurial suture repair. After randomization to treatment groups, the mice were coded by means of an ear marking system to allow for blinded identification during the study. The code was broken only after all data were analyzed.
The animals were cared for according to the guidelines set forth by the Institutional Animal Care and Use Committee of Stanford University, Stanford, Calif.
SURGICAL TECHNIQUES
All surgical procedures were performed with sterile, microsurgical technique under pentobarbital sodium anesthesia (0.1 mg/kg). The left sciatic nerve was exposed by opening the fascial plane between the gluteal musculature.
The sham surgical group, which served as the control, included 8 wild-type and 8 IL-6 knockout mice in which the sciatic nerve was isolated but no nerve lesion was induced. The crush surgery was performed in a standardized fashion on 12 wild-type and 12 IL-6 knockout mice by means of a small, nonserrated (Webster) needledriver to crush the isolated sciatic nerve. The needledriver was closed to the first ratchet for 30 seconds.
Nerve transection without repair was performed on 8 wild-type and 8 IL-6 knockout mice, and these animals served as a second control group. The sciatic nerve was sharply divided with microsurgical scissors, and the proximal end of the transected nerve was sutured into a pocket within the gluteal musculature by means of 10-0 nylon suture (Dermalon; Davis & Geck, Wayne, NJ).
Nerve transection with repair was performed on 12 wild-type and 12 IL-6 knockout mice. The sciatic nerve was sharply divided with microsurgical scissors, and epineurial coaptation was accomplished with 10-0 nylon suture (Dermalon). Four evenly spaced sutures were carefully placed through the epineurial layer only.
WALKING TRACK ANALYSIS
All animals underwent preoperative and postoperative walking track analysis as described originally for rats by de Medinaceli et al 19 and modified for mice by Inserra et al. 16 Pawprints were recorded by moistening the hindpaws of each animal with water and having them walk unassisted along a 6ϫ44-cm corridor lined with bromophenol blueimpregnated paper. 20 The first postoperative track was obtained 10 days postoperatively, and subsequent assessments were performed at 10-day intervals. All tracks were obtained and analyzed in a blinded fashion. 
TRANSECTION WITH EPINEURIAL SUTURE REPAIR
In the groups that underwent transection followed by suture repair, both the wild-type and IL-6 knockout mice showed immediate postoperative functional deficit on day 10, with a mean SFI of −90 and −86, respectively (P=.38). The recovery reached a maximum SFI of −78 on day 20 in the wild-type group and a maximum SFI of −80 on day 30 in the IL-6 knockout group (Figures 1 and 2) . Five of 12 wild-type and 3 of 12 IL-6 knockout mice developed contractures. Because these tracks are assigned a value of −100 (representing maximal loss of function), no further improvement was detectable in the mean SFIs for these groups. There was no statistically significant difference in either the maximal (P = .84) or final (P = .30) functional recovery achieved when the wild-type and the IL-6 knockout mice were compared (Table) .
HISTOMORPHOMETRIC ANALYSIS
The histological data for the crush and suture repair groups confirmed the neural regeneration that was detected with the functional analysis, with axon numbers, axonal diameters, and nerve areas nearing normal values. Although the suture-repaired nerves in the wildtype mice had higher values than those in the IL-6 knockout mice with respect to all 3 of these measures, none of these differences reached statistical significance (PϾ.22) (Figure 3) . Likewise, no differences were noted in the crush surgical groups (PϾ.16).
COMMENT
Bolin et al 13 demonstrated that IL-6 mRNA is upregulated within the first 12 hours after nerve injury and suggested that the Schwann cell is the source of IL-6 production. Bourde et al 21 similarly showed increased production of IL-6 very early after nerve injury, with levels of mRNA sharply decreasing after 24 hours. Interleukin 6, along with ciliary neurotrophic factor, is therefore one of the earliest proteins to appear after nerve injury. This chronological order led to its designation as a "lesion factor" and initiated speculation that IL-6 has a role in a signal cascade of neural regeneration, as had previously been proposed for the central nervous system, in which IL-6 triggers nerve growth factor production. 6, 22 Appropriate prints for measurement were chosen for clarity and consistency at a point when the mice were walking at a moderate pace. If necessary, animals were walked several times to achieve measurable prints. Toe spread and pawprint length were measured with a digitizing pad linked to a computer (Macintosh Performa 6115 CD; Apple Computers, Cupertino, Calif) equipped with NIH Image software (National Institutes of Health, available at http ://rsb.info.nih.gov/nih-image). Sciatic functional indexes were calculated by means of the formula described previously by Inserra et al. 16 Contractures may occur during the period of recovery, 17 especially in animals in which no repair is performed. Walking tracks in animals with contractures are impossible to measure and are therefore assigned a score of −100, representing maximal injury. Because it is possible to have an SFI score lower than −100, when indexes fell below this level, they were normalized to −100 to prevent a negative bias compared with the animals with contractures.
MORPHOMETRIC ANALYSIS
At the completion of the study, the animals were killed by lethal injection of pentobarbital sodium. Segments of sciatic nerves (which included 3 mm to each side of the repair site) were harvested from each mouse and fixed in buffered 10% formalin solution. Histological slides were made by cutting 0.6-mm sections and staining with Bielschowsky silver stain specific for nerve axons. Card (Model LG3; Scion Corp, Frederick, Md), which captures images from the video screen and digitizes the analog signal for editing on the computer. The Scion Image program (Scion Corp), an upgraded version of NIH Image, was used in conjunction with the Scion Frame Grabber Card for image analysis. All measurements, including axon count, axon diameter, and nerve area, were performed on the distal segments of the harvested nerves.
The distal nerve area was determined by manually outlining a digitized image of the nerve at ϫ4 magnification. The calibrated Scion Image program calculated the area of the outline. The axon count was determined from a digitized image of the nerve at ϫ40 magnification. The Scion Image program randomly selected 10 areas of 1290 µm 2 each within the distal nerve section. Counts were performed by manually marking each axon in succession. The axon count for the entire nerve was then calculated by multiplying the mean axon count per random area by the nerve cross-sectional area and dividing the product by 1290 µm 2 . The nerve crosssectional area (in square micrometers) was determined from the digitized image of the nerve at ϫ40 magnification. The mean axon diameter was determined from a digitized image of the nerve at ϫ100 magnification. Twenty axons were chosen randomly and outlined on the computer screen. The Scion Image program measured the area and calculated the diameter of the axons. From these measurements, the mean axon diameter of each nerve was calculated.
STATISTICAL ANALYSIS
Preoperative functional data from all 8 groups were evaluated by means of analysis of variance to determine if any significant differences existed between the groups at the start of the study. The t test was used to test significance in the comparison of different pairs of groups.
(REPRINTED) ARCH OTOLARYNGOL HEAD NECK SURG/ VOL 126, SEP 2000 WWW.ARCHOTO.COMDespite these previous findings implicating IL-6 in nerve regeneration, 13, 15, 21 the results of the current study suggest that any role played by IL-6 in the functional outcome of peripheral nerve regeneration either is not critical or is not rate limiting, since the nerves of the genetically engineered animals incapable of producing IL-6 recovered function to levels comparable with that of the wild-type mice. The histomorphometric findings were consistent with the functional results. There were no statistically significant differences in axon count, axon diameter, or nerve area between the wild-type and knockout mice, suggesting again that IL-6 does not have a significant effect on nerve regeneration, at least by the 50th postoperative day.
It is possible that the evaluation techniques used in our study are not sufficiently sensitive to detect subtle alterations in the nerve regeneration process. In fact, the intervals of functional evaluation (10 days) may need to be shortened in future investigations to detect potentially rapid recovery of function, particularly in nerve crush models, since very early differences between the treatment groups would not have been detected in our model. Although our data appear to show minimal functional nerve injury in the wild-type mice after nerve crush, it is possible that the injury was sustained and then recovery achieved before the 10th postoperative day. Although not directly observed, it is possible that the wild-type mice achieved a more rapid recovery, potentially assisted by the known early presence of IL-6. Since a standardized crush technique was used, it is difficult to conceive of any other systematic difference in injury between the wildtype and IL-6-deficient animals that received nerve crush. While the findings of some authors, particularly Hirota et al, 15 provide compelling evidence of the value of up-regulated IL-6 in nerve regeneration, their findings are not necessarily inconsistent with our results. The present study depicts the effect of IL-6 deficiency on the functional aspects of nerve regeneration, an approach that has not previously been explored. Overexpression of genes producing some neurocytokines may enhance nerve regeneration, while deficiency of those same neurocytokines does not diminish regeneration, perhaps because other cytokines replace the function.
An additional consideration is the role of inflammation in nerve regeneration. Interleukin 6, a cytokine and well-known acute-phase reactant, is a key mediator of the inflammatory response. Furthermore, inflammation appears to support nerve regeneration. 23, 24 Therefore, it seems logical that increased levels of IL-6 would enhance nerve regeneration. Alternatively, while it has been shown that IL-6-deficient mice exhibit a defective inflammatory process, 25 studies have not previously been undertaken to determine whether this deficiency, in the presence of sufficient quantities of other neurocytokines such as ciliary neurotrophic factor and leukemia inhibitory factor, impairs the functional outcome of nerve regeneration. Our results suggest that it does not; this seeming incongruence may similarly be explained by the possibility that increased inflammation enhances regeneration, while the effect of reduced inflammation is neutral.
CONCLUSIONS
Interleukin 6 does not appear to play a critical role in the overall process of peripheral nerve regeneration in the mouse. Although subtle, early consequences of the absence of IL-6 production would not have been detected in our model, the histomorphometric results confirm the functional findings that overall nerve recovery is not impaired with IL-6 deficiency.
